Radiative corrections to high energy scattering processes were given previously in terms of universal soft and collinear functions. This paper gives the collinear functions for all standard model particles, the general form of the soft function, and explicit expressions for the soft functions for fermion-fermion scattering, longitudinal and transverse gauge boson production, single W/Z production, and associated Higgs production. An interesting subtlety in the use of the Goldstone boson equivalence theorem for longitudinal W + production is discussed.
I. INTRODUCTION
Hard scattering processes can be described using softcollinear effective theory (SCET) [1, 2, 3, 4] . SCET was extended to broken gauge theories [5, 6, 7, 8] and used to compute the renormalization group improved amplitude for standard model scattering processes at high energy. The effective theory formalism sums the electroweak Sudakov corrections using renormalization group evolution in SCET. The strong and electroweak radiative corrections to hard scattering processes were formulated in terms of collinear and soft functions in Ref. [8] . The result gives an efficient way of computing the effective theory radiative corrections in terms of a collinear function for each particle, and universal soft functions. Electroweak radiative corrections also have been computed previously using fixed-order methods [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31] .
The soft and collinear functions were given in Ref. [8] for an SU (2) gauge theory. The complete standard model expressions are more involved because of custodial SU (2) violation, and because the right-and left-handed quarks and leptons have different quantum numbers. In this paper, we give the explicit collinear running and matching functions for each standard model particle, as well as the soft functions for some important processes such as fermion-fermion scattering, gauge boson pair production, and associated Higgs boson production. We will use the notations and conventions of Ref. [8] , and assume that the reader is familiar with the results presented there. The split into soft and collinear contributions is not unique, and we use the definition in Ref. [8] . The soft functions for QCD corrections have been obtained previously [32] .
A collinear function F (F →P ) gives the amplitude F → P for the field F to produce a particle P , analogous to the 0|φ|p factor in the LSZ reduction formula. Particularly interesting are the collinear functions for φ → W L and W → W T , W 3 → γ, B → γ, W 3 → Z T , B → Z T , and φ → Z L in the Higgs-gauge sector. In most cases, there is a unique F , e.g. u L is only produced by the quark doublet field Q, and so the Q → u L collinear function is also referred to as the u L collinear function. The subscript on a fermion field refers to chirality, and on a fermionic particle, to helicity. Thus the u R → u R collinear function is the amplitude for a right-handed u field, with projector (1 + γ 5 )/2, to produce a right-handed u quark, with spin parallel to momentum. The difference between helicity and chirality is order m/E, and higher order in the SCET power counting.
We first present plots of the collinear functions in Sec. II obtained using formulae given later in Sec. III of the paper. There is an interesting subtlety in the Goldstone boson equivalence theorem for W + L arising from infrared divergences due to photon exchange, which is discussed in this section. The general form of the soft functions, and some standard soft matrices are given in Sec IV. These are then used to compute the soft functions for fermion scattering in Sec. V, longitudinal and transverse gauge boson production in Sec. VI, single-W, Z production in Sec. VII, and gluon scattering in Sec. VIII. Appendix A gives the analytic formula for integrating a SCET anomalous dimension including terms up to the three-loop cusp.
The EFT computation is given by matching from the standard model onto SCET at a scale µ h , running to µ l at which the W, Z, H, t are integrated out, and then running using QCD+QED to a factorization scale µ f at which the hadronic scattering cross-sections are computed by convolution with the parton distribution functions. The final answer is independent of the choice of µ h,l,f , but in practice has some dependence on these quantities due to neglected higher order terms. The µ h,l dependence was shown in Ref. [8] to be less than 1% for processes other than transverse W T production, for which the µ h dependence was almost 10%.
II. PLOTS OF COLLINEAR FUNCTIONS
In this section, we give numerical plots for the collinear functions for the standard model, and discuss some interesting features of the collinear corrections. The collinear radiative corrections are process independent, and have the same value in all scattering processes.
The collinear functions are given by running the collinear anomalous dimension from µ h to µ l using the anomalous dimensions in Sec. III A, matching at µ l using exp D C in Sec. III B, and then running from µ l to µ f us-ing the anomalous dimensions in Sec. III C. In equations, log F (F →P ) (n · p, µ f , µ h ) = −
The collinear corrections are functions ofn · p = 2E, where E is the particle energy, 1 and depend linearly on logn·p to all orders in perturbation theory [35] . They are defined after zero-bin subtraction to avoid double counting with the soft contribution [36, 37, 38, 39, 40, 41, 42, 43] . These subtractions are necessary for soft-collinear factorization [44] to hold.
The collinear functions were used to compute 2 → 2 scattering processes in Ref. [8] , where we used µ h = √ s 0 for the high-scale matching. In the partonic center-ofmass frame, all four partons have energy 2E =n · p = √ s 0 . For this reason, we have used µ h =n · p in the collinear function plots, to reduce the number of variables by one. The low scales are chosen to be
There is a tiny dependence on the Higgs mass-the rates change by less than one part in 10 4 if m H is varied between 200 and 500 GeV. In the plots, m H = 200 GeV. The collinear anomalous dimension can be integrated analytically using the results in Appendix A. If the factorization scale µ f is below M Z , there is an additional contribution to the collinear function from QCD+QED running from M Z to µ f , which is given separately. The total collinear function is the product of the µ h → M Z and M Z → µ f collinear functions. Fig. 1 shows the collinear functions for quarks. The collinear functions for the c and s are identical to those for the u and d, respectively. The t and b quarks have slightly different collinear functions because of Higgs corrections, and the mass of the t. In a 2 → 2 scattering process such as u LūL → d LdL , one has a collinear function in the amplitude for each external particle, so the rate depends on the product of the fourth powers of the u L and d L collinear functions. Thus a 10% correction in Fig. 1 changes the rate by more than a factor of two. The difference between the heavy-and light-quark collinear functions arises from Higgs contributions due to the t R Yukawa coupling to the quark doublet Q (t) , and due to the switch from SCET to bHQET fields for the t. Fig. 2 shows the collinear functions for u and d on the same plot. The left-and right-handed quarks have different collinear functions because of the difference in SU (2) quantum numbers. There is a small difference between u R , d R due to the different U (1) quantum numbers, which lead to different U (1) anomalous dimensions. There is an even smaller difference between u L , d L due to differences 1 The collinear functions depend on the Lorentz frame through the null-vector n. The n dependence is cancelled by a corresponding n dependence in the soft functions, by reparametrization invariance [33, 34] .
FIG. 1: Plot of the collinear functions againstn
in the low-scale matching from Z exchange due to the different Z couplings. Fig. 3 shows the collinear functions for the leptons. The corrections are smaller than for quarks because there are no QCD corrections. If the factorization scale is chosen below M Z , there is additional collinear running from QCD and QED. The QCD collinear running is the same for all quarks, and the log of the QED running is proportional to the electric charge. Fig. 4 show the collinear running below M Z for µ f = 30, 50 GeV for quarks, gluons and electrons. These multiply the collinear running from µ h to M Z .
The collinear functions for massless gauge bosons are shown in Fig. 5 . The corrections to the gluon are due to QCD, and are large because of the large value of C A . There are two collinear functions for photon production, depending on the source of the photon. The W 3 − B and Z − γ fields are related by At tree-level the W 3 → γ amplitudes is sin θ W , and the B → γ amplitude is cos θ W . The photon can be emitted by what started out as either a W 3 or B field at high energy, and the radiative corrections shown by the solid red and dotted red curves in Fig. 5 multiply the treelevel amplitudes. The correction for W → γ is much larger because of the SU (2) contribution. from the φ field. The radiative corrections are different, because at high energies, W T is part of the W µ gauge field, whereas W L is part of the scalar field φ. The SU (2) corrections to W µ depend on the adjoint Casimir C A = 2, whereas the corrections to φ depend on the fundamental Casimir C F = 3/4. The U (1) corrections also differ. At high energies, the W L remembers that it originated from the scalar field via spontaneous symmetry breaking. The upper panel gives the plots for the neutral boson sector. The transverse Z can arise from either W 3 or B, as for the photon, and the two cases are shown in solid and dotted red. The B → Z T amplitude has smaller corrections (as for B → γ), so at high energies, Z T is produced mainly via B → Z T , even though at tree-level, it is the W 3 → Z amplitude which dominates. The φ → Z L and φ → H amplitudes have similar shapes, since both are mainly given by the radiative corrections to the scalar doublet φ. There are two amplitudes for Z T , W → Z and B → Z, but only one for Z L , φ → Z.
III. COLLINEAR FUNCTIONS
The formulae for the collinear functions are given in this section. They were obtained using the procedure given in Ref. [8] . The main complication arises from custodial SU (2) symmetry breaking in the standard model. In loop graphs, one has to distinguish between W and Z exchange as well as the m t -m b mass difference. The collinear functions, computed from one-loop graphs such as Fig. 7 are summarized in Table I . The anomalous dimension γ C gives the running between the high-scale µ h ∼ √ŝ and the low-scale µ l ∼ M Z , and the matching D C gives the collinear matching at the low scale µ l . The γ C column can also be used to obtain the anomalous dimension in SCET γ between µ l and the factorization scale µ f . This table is a generalization of Table II of Ref. [8] , which gave the collinear functions in the SU (2) theory. In the weak interactions, the two members of an SU (2) doublet can have different masses. As a result, in computing Fig. 7 , the internal and external fermions can have different masses; e.g. the internal fermion can be a b-quark, and the external one, a t-quark. This complication did not arise for the SU (2) theory with massless fermions considered in Ref. [8] . The collinear functions in Table I include the possibility of different internal and external masses. m int is the mass of the internal particle in the loop, and p 2 is the mass of the external particle. The functions f F,S are given in Appendix B of Ref. [7] , and vanish for massless particles, f F (0, 0) = f S (0, 0) = 0. The ψ row is for fermions, φ for scalars, B ⊥ for an external transversely polarized gauge boson, H for the physical Higgs field, and ϕ a for the Goldstone bosons, which are used to compute longitudinally polarized gauge bosons using the equivalence theorem. Table I gives the results in a compressed form, from which the standard model results can be extracted. The T · T factor has to be taken apart into individual gauge boson contributions
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The matching D C depends on the gauge boson and fermion masses. The value of D C is given using Table I and Eqs. (3, 4) and using M → M W in the W terms and M → M Z in the Z terms. The photon and gluon do not contribute to D C , since they are not integrated out at the low-scale µ l ∼ M Z , and are dropped. Furthermore, in f F and h F , the internal fermion mass is equal to the external fermion mass for the Z term, but is different for the W term. For example, for an external t quark, p → m t , m int → m t for the t 2 Z term and p → m t , m int → m b for the t + t − and t − t + terms. Explicit formulae for the standard model particles are given below using this procedure.
The wavefunction factors δR ϕ,H,W can be found in Ref. [45, 46, 47, 48] . They are defined as the residue of the two-point Green's function at the pole,
with R = 1+δR. R is obtained using the two-point function renormalized in the MS scheme, and is finite. We use the convention of Ref. [45] and denote the finite wavefunction correction by R, and reserve Z for the infinite renormalization counterterms. There is one important point to remember -the wavefunction graphs have to be computed as an EFT matching condition. This means that the graphs are computed using dimensional regularization to regulate the infrared divergences, setting all low energy scales such as m b to zero, and retaining only the finite part. 2 R can be obtained from the expressions in terms of Passarino-Veltman functions using
and
where we follow the conventions of Ref. [46] . In particular, the infrared divergent functions needed are
which are replaced by 0 and
In Refs. [6, 7] , the radiative corrections for massive particles were computed. In the region below the particle mass, the particle can be treated as a bHQET field [51, 52] . The anomalous dimension and low-scale matching for bHQET fields is given in the row h v . For massive particles, the collinear anomalous dimension involves log 2γ, where γ = E/m is the boost factor, rather than log(n · p)/µ = log(2E)/µ. The bHQET formula is needed for top-quark pair production, and for W and Z production.
In addition to gauge boson exchange, there are radiative corrections due to scalar exchange graphs. In the standard model, these arise from Higgs exchange. As shown in Refs. [6, 7] , scalar exchange vertex graphs are 1/Q 2 suppressed, and only the wavefunction graphs are leading order in the SCET power counting. Thus we can include Higgs corrections in the effective theory through their contribution to R.
The anomalous dimension between µ h and µ l is independent of the low-energy scales, including the electroweak symmetry breaking scale, and so can be computed in the unbroken gauge theory. The collinear functions depend onn · p = 2E, where E is the energy of the particle. Then dependence, or Lorentz frame dependence, is cancelled by a corresponding frame dependence in the soft functions.
The left-handed quark doublets will be denoted by Q
L , where i = u, c, t is a flavor index, the right-handed charge 2/3 quarks by U
L , i = e, µ, τ , and the righthanded lepton singlets by E
where the primed down-type quarks are weak eigenstate fields, and the unprimed fields are mass eigenstates. All the lepton and down-type quark masses can be neglected in our calculation, so we can work in the weak eigenstate basis, the CKM matrix V does not enter the SCET computation, and generation number is conserved. Once the radiative corrections have been computed, one can make the replacement D
L to compute the amplitudes in terms of mass-eigenstate fields.
A. Running from µ h to µ l ∼ MZ The collinear anomalous dimensions for the running from µ h ∼ Q to µ l ∼ M Z are listed below. The gauge coupling constants are the MS values in the theory with six dynamical quark flavors, and y t = √ 2m t /v is the tquark Yukawa coupling. The top quark multiplets have different collinear running than the other quarks because of the large Yukawa coupling
t R : 1 4π
e R , µ R , τ R :
The gauge field anomalous dimension at one-loop in R ξ=1 gauge is
where b 0 is the coefficient of the first term in the β-function,
so that the collinear factor γ C for transverse gauge bosons
It is more convenient to write the anomalous dimensions for W 3 and B instead of Z and γ, to avoid off-diagonal mixing terms in the renormalization group evolution due to the running of sin 2 θ W . g (transverse gluons): 
B T (transverse B):
The scalar anomalous dimension for the unphysical Goldstone bosons, needed for longitudinal gauge boson production using the equivalence theorem, and for Higgs production is ϕ, H:
The y t term in the φ anomalous dimension affects the rates for H, W L and Z L production at the few percent level.
B. Matching at µ l ∼ MZ
The matching corrections at µ l ∼ M Z have to be computed in the broken electroweak theory, using Table I , Eq. (4) and the discussion following it. The matching can be computed for each particle, and is shown schematically in Fig. 8 
. (26) The quantity W † EW Q L a is collinear gauge-invariant, and has an index a. Eq. (26) implies that the a = 1 The remaining fermionic collinear matching functions are defined by:
The collinear matching functions are:
where g LU = 1/2−2/3 sin 2 θ W , g RU = −2/3 sin 2 θ W , etc. are the Z charges of the fermions, and
where 
The α s and α em terms are from the QCD and QED corrections due to the transition from SCET to bHQET fields. The functions f F,S are given in Appendix B of Ref. [7] . (δR tL − δR uL ) is the difference in wavefunction corrections for the t and a massless quark. The massless wavefunction contribution has already been included in D W,Z . The H, ϕ and gauge boson matching has mixing effects due to graphs such as those in Fig. 9 . The graphs are of order φ /(n · p) and are subleading in the SCET power counting.
The matching function for the Higgs doublet has some interesting features. The Higgs doublet is
with
There are two neutral gauge bosons, the Z and γ, but only one neutral unphysical Goldstone boson, the ϕ 3 . One could try a matching relation of the form
analogous to the fermionic case discussed above. A matching of this kind, which was used in Ref. [8] for the SU (2) theory, is not possible for the standard model. The ϕ + propagator in the full theory has photon corrections shown in Fig. 10 . The graphs are infrared divergent, but the infrared divergence cancels between the two diagrams so that the ϕ + propagator is not infrared divergent in the electroweak theory. In the theory below µ l , the W bosons have been integrated out, and the second diagram is absent, so that the ϕ + propagator is infrared divergent. Thus the infrared divergences do not match between the theories above and below µ l .
The resolution of this paradox is that ϕ + is not a physical field and is gauge dependent. At the scale µ l , the Higgs doublet matches, not to the Higgs H and unphysical Goldstone bosons ϕ + and ϕ 3 , but to H and longitudinal gauge bosons W L and Z L . W L is treated as a bHQET field, and the W L propagator has an infrared divergence from Fig. 11 , so there is still an infrared divergence in the effective theory. However now, the amplitude that must be matched is for W L , not ϕ + , and is given by the amplitude for ϕ + multiplied by the equivalence theorem factor E, which is the radiative correction factor in the equivalence theorem [45, 53, 54, 55, 56, 57, 58, 59] . There is an infrared divergence in E that matches the infrared divergence in the effective theory. The standard model one-loop values for E W,Z needed for longitudinal W and Z production are given in Appendix C.
The matching Eq. (32) should instead be written as
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The collinear functions are
where
and E W,Z are the equivalence theorem factors for the W and Z. The expression for E W is the same as that for the SU (2) theory given in Ref. [8] . E Z is given by a similar expression, see Ref. [45] for details. There are corrections to the equivalence theorem from γ − Z mixing at twoloops, if one does not use background field gauge [60] . The gauge field collinear matching involves γ − Z mixing. The collinear functions are defined by
(s W = sin θ W , c W = cos θ W ), so that all the collinear functions vanish at tree-level. The complications of γ −Z mixing only enter the effective theory at the low-scale matching at µ l . The gluon matching is
There is a non-trivial gluon collinear matching from the top-quark vacuum polarization graph, since the topquark is integrated out at the scale µ l and is no longer a dynamical field. Processes involving external top quark can still be computed using bHQET fields for the top. The other gauge-field collinear functions are
The definitions of R γ→Z and R Z→γ , which arise from γ − Z mixing, are given in the appendix. 
t treated as a bHQET field h v : 1 4π
Z T,L treated as a bHQET field h v :
H treated as a bHQET field h v :
γ:
IV. SOFT FUNCTIONS
The universal soft functions is
in terms of which, the soft anomalous dimension and lowscale matching are
where, at one-loop,
The soft anomalous dimension is mass independent, but the soft matching depends on the gauge boson mass M .
In the computations, we have used the three-loop value for Γ [61] , and the results of Refs. [62, 63] .
The soft function has a simple form when written using the color-operator notation [64] . For practical calculations, one needs to write the soft function as a matrix in the space of gauge invariant operators. In this section, we give the explicit matrices needed for some scattering processes. The QCD parts of these matrices have been obtained previously [32] . The electroweak part is considerably more involved, because the SU (2) × U (1) symmetry is broken, and this enters into the low-scale soft function D S .
For the standard model, one has to use Eq. (4,5) to obtain the soft anomalous dimension and low-scale matching. For a given process, the SU (3), SU (2) and U (1) matrices are defined by
in terms of which, the soft anomalous dimension is
For the low-scale matching, one has to use Eq. (4,5) with M → M W and M → M Z for the W and Z terms. This gives
The soft function has a universal form when written in the operator form Eq. (50). For numerical computations, it is more convenient to choose a basis of gauge invariant operators, and write the soft-anomalous dimension and matching as a matrix in the chosen basis. The soft factor ij T i · T j U S (n i , n j ) was computed for some simple cases in Ref. [8] for an SU (N ) gauge theory. Certain soft matrices occur in several different computations. These reference matrices are for SU(3):
for SU (2):
and for U (1):
For scattering kinematics, s > 0, t < 0, and u < 0, and the variables T, U are defined by [32] 
V. SOFT FUNCTIONS FOR FERMION SCATTERING
The soft anomalous dimension and low-scale matching matrices will now be computed for some scattering processes. In these examples, the anomalous dimension and matching depend on matrices S 3,2,1 , R (0) , and D W,Z . The equations for the anomalous dimension and matching have the same form in each case; the matrices take on different values depending on the process.
A. Two doublets
Consider first the case of fermion scattering, QQ → QQ, where all particles are electroweak doublet quarks. At the high-scale, one matches onto four-quark SCET operators
where the first index is 1 for t a ⊗ t a and 2 for 1 ⊗ 1 in SU (2), and the second index is 1 for T a ⊗ T a and 2 for 1 ⊗ 1 in SU (3). Eq. (59) is written in schematic form to emphasize the gauge structure of the operator. The actual operator in SCET should be written with
n,p , etc. The subscripts 1 − 4 on the fields are a reminder that the SCET fields have momentum labels p 1 − p 4 . We have chosen to label the two fields by u and c to make it easy to discuss related processes such as Drell-Yan by replacing some quark fields by lepton fields. The one-loop values for C ij at the high scale are given in Ref. [7] .
The group theory sums needed for the soft anomalous dimension matrix are
in terms of the reference matrices S (3,2,1) given in Eqs. (55, 56, 57) .
For quark doublets,
The soft anomalous dimension is given by Eq. (53) using Eq. (60) for S 3,2,1 . At the low scale µ l ∼ m Z , the operators Eq. (59) match onto a linear combination of
with coefficients C ij . The matching matrix is
or equivalently,
since the electroweak matching does not change the color structure of the operators. At tree-level R is
Once again, we see the additional complication in the standard model due to the U (1) sector. In the pure SU (2) theory, the matching was SU (2) invariant; here the operators have to be broken apart into individual fields of definite charge. The one-loop soft matching due to W and Z exchange is computed using Eq. (54),
and the total soft matching at one-loop is
To evaluate R
S,W , R
S,Z , we need to evaluate the group theory factors in Eq. (65) . The S 2 term acting on Eq. (61) is a group-invariant Casimir operator, and can be thought of as S 2 acting on the original basis Eq. (59) before SU (2) × U (1) breaking, and so acting on the lowenergy basis Eq. (61) is equal to R (0) S 2 , where S 2 is the matrix in Eq. (60) . The t 3i t 3j and t Zi t Zj terms are diagonal in the basis Eq. (61), and we define them to be D W and D Z , respectively, so that the soft-matching matrices are
This equation is valid for all the scattering processes we will consider. The W matching has a S 2 term, which is the same matrix that enters the soft anomalous dimension, and the W and Z matchings have extra diagonal matrices D W,Z that depend on the process. For the doublet scattering case, Eq. (61), D W,Z are:
The results Eq. (67,68) hold for all cases where both fermions are doublets. For example, if the final quark doublet is replaced by a lepton doublet, one gets fourfermion operators for the Drell-Yan process→ µ + µ − . The four-quark operators only have the tensor structure 1 ⊗ 1 in color space and the anomalous dimension is Eq. (53) with Eq. (60) . The unit matrix in color space is now a 1 × 1 matrix instead of a 2 × 2 matrix. The low-scale matching is obtained from Eq. (68) with the obvious replacement g Lc → g Lν , g Ls → g Le . A similar result holds if the initial doublet is a lepton doublet and the final is a quark doublet, or if both are lepton doublets (in which case, S 3 → 0).
B. One doublet and one singlet
The second case is where one fermion is a doublet and the other is a singlet. As an example, consider
At the low scale µ l ∼ m Z , the operators Eq. (59) match onto a linear combination of
The matching matrix is
since the matching leaves the color structure unchanged. At tree-level R is
At one-loop, the soft matching matrices due to W and Z exchange are
and the soft matching is given by Eq. (67).
Equations (72), (73), (74) apply to all cases where one fermion is a weak doublet, and the other is a weak singlet, with the obvious replacement of the Z charges for lepton doublets.
C. Two singlets
The last case is if both fermions are weak singlets, for example the operators
which match to
which are used in Eq. (53) to obtain the soft anomalous dimension. The one-loop matching condition is
with R (0) = 1 at tree-level, and the soft matching contribution is
One can similarly obtain the results for right-handed leptons by replacing the quark Z-charges by the corresponding lepton charges.
VI. SOFT FUNCTIONS FOR ELECTROWEAK GAUGE BOSON PAIR PRODUCTION A. Doublets
The kinematics for the electroweak gauge boson pairproduction is shown in Fig. 12 .
We first start with gauge boson production by lefthanded quarks, which are electroweak doublets, and interact with the W and B gauge bosons of the SU (2) and U (1) interactions. The operator basis is
where only the gauge structure has been shown. The operators at the high scale are best written in terms of the SU (2) and U (1) gauge fields W and B, rather than the mass eigenstate fields Z and γ. Note that ǫ abc W a 3 W b 4 = 0 since the two W fields have momentum labels p 3 and p 4 which are different. In this basis
and the soft anomalous dimension between the scales Q and µ l ∼ M Z is given by Eq. (53), where the matrices S (3,2,1) are given by Eqs. (81).
At the low-scale µ l ∼ M Z , the operators Eq. (80) match onto
The subscripts 3, 4 represent outgoing label momenta p 3 and p 4 , and the gauge indices are to be treated as those on a quantum field, i.e. they represent the charge on the annihilation operator. These operators are to be treated in the same manner as terms in a Lagrangian. Thus
is given by C 4 with p 4 = k 1 and p 3 = k 2 , plus C 5 with p 4 = k 1 and p 3 = k 2 .
The tree-level matching is
The one-loop soft matching is given by Eq. (67) where
is the Z charge of the W + boson. The above equations can also be used to compute radiative corrections to gauge boson pair production by the lepton electroweak doublet, with the obvious replacement of quark Z charges by the corresponding lepton ones, and S 3 → 0.
B. Singlets
Electroweak singlet (right-handed) quarks can produce electroweak gauge bosons. For example gauge boson prodution by right-handed u quarks. The operator generated at tree-level is
and the soft anomalous dimension between the scales Q and µ l ∼ M Z is given by Eq. (53), where the matrices S (3,2,1) are given by Eqs. (87). At the scale µ l , the operator O matches to O i ,
and the one-loop soft matching contribution is
The above can also be used for right-handed d-quarks
, and for right-handed leptons with Y (u R ) → Y (e R ) and S 3 → 0. Right-handed u quarks can produce electroweak gauge bosons via
which is not present at tree-level since W a does not couple to u R . For this operator,
At the low scale, the operator matches to
and the matching condition is C = RC with tree-level value
The one-loop matching due to W and Z exchange is given by Eq. (67) with
The results for d R and e R are given by g Ru → g Rd , g Re for the Z charge in D Z .
C. Longitudinal bosons via QLQL → ϕϕ
For longitudinal W production, we also need the results for external unphysical Goldstone boson ϕ fields, which are contained in the Higgs multiplet φ. The operators are
The gauge current i φ
a φ produces operators of this form, weighted by a label momentum factor P µ 4 − P µ 3 , which is included in the operator coefficients, and is antisymmetric in 3 ↔ 4.
,
At the low scale, the operators match to 20 operators, which have the same structure as the gauge boson operators in Eq. (82), with the replacement
The convention chosen for the scalar fields is
The action of T 3 on the neutral fields is
This causes mixing between ϕ 3 and H. Under custodial SU (2) symmetry, the H is a singlet, and ϕ 3 belongs to a triplet, so ϕ 3 −H mixing is forbidden by custodial SU (2). In the standard model, custodial SU (2) is violated by hypercharge, and ϕ 3 −H mixing is allowed. In the results derived below, there is ϕ 3 − H mixing from W and Z exchange. In the limit α W = α Z and M W = M Z , when custodial SU (2) is restored, the two mixing contributions cancel.
and the one loop matching is given by Eq. (67) with
The matrices D W,Z have block-diagonal form due to ϕ 3 − H mixing. The ϕ 3 and ϕ ± terms are then used to compute longitudinal Z and W ± production, using the Goldstone boson equivalence theorem. The equivalence theorem factor E is included in the collinear function and does not enter the soft matching.
D. Longitudinal bosons via qRqR → ϕϕ
Longitudinal gauge bosons are produced by righthanded quarks via operators such as
At the low scale, the operators match to
and the one-loop matching is given by Eq. (67) with
VII. SOFT FUNCTIONS FOR SINGLE W, Z PRODUCTION
Single W and Z production proceeds via processes such as q +q → W + g and g + q → W + q. The operator basis for production via doublet quarks is
for the annihilation process, and
for Compton scattering. The two are related by crossing symmetry. The matrices for the anomalous dimension are
for annihilation, Eq. (108), and
for Compton scattering, Eq. (109). At the low scale µ l ∼ M Z , the operators Eq. (108) match onto
The tree-level matching for annihilation is
and the one-loop soft matching is given by Eq. (67) where
The one-loop soft matching is given by Eq. (67) with
The O i operators for Compton scattering are given by swapping the labels 2, 4 in Eq. (120). The tree-level matching remains Eq. (121), and the one-loop matching is given by Eq. (122) with the replacements
Single Z production from right-handed quarks proceeds via
for annihilation, and
for Compton scattering. The anomalous dimension matrices are
iπ ,
for annihilation, Eq. (124), and
for Compton scattering, Eq. (125). At the low-scale, the operators match to
with tree-level matching
The one-loop matching is given by Eq. (67) with
The O i operators for Compton scattering are given by swapping the labels 2, 4 in Eq. (108). The tree-level matching remains Eq. (129), and the one-loop matching is given by Eq. (130) with the replacement
VIII. SOFT FUNCTIONS FOR GLUON SCATTERING
The operator basis for q +q → g + g with doublet quarks is
with soft matrices
′ ,
This matches onto
with matching matrix
The tree-level matching is 
For right-handed quarks, the operator basis is
These match onto
The matching is
The one-loop matching matrices are
One can similarly write down the corrections for crossed processes such as g + q → g + q using crossing, as done above for single electroweak gauge boson production.
IX. CONCLUSIONS
In this paper, we have given the collinear and soft functions needed to compute basic high energy scattering processes in the standard model using the EFT method. The collinear functions have an interesting form, particularly in the weak gauge boson/Higgs sector.
The soft functions can be derived using Eq. (50). They have been explicitly given for a few important cases in this paper. There are many different terms in the scattering operators, because SU (2)×U (1) and custodial SU (2) are broken in the standard model. The soft anomalous dimensions for QCD have been obtained previously by Kidonakis, Oderda and Sterman [32] , and we agree with their results.
Plots of the radiative corrections to various standard model cross-sections of experimental interest, using the results of this paper, have been given in Ref. [8] . The radiative corrections give large reductions in the scattering cross-sections at high energy.
APPENDIX A: INTEGRATION OF THE SCET ANOMALOUS DIMENSION
The analytic formula for integrating the SCET anomalous dimension, with the cusp contribution at three loops, and the non-cusp at two loops, is given here. The result to one lower order was given in Ref. [65] . The collinear anomalous dimension can be integrated using the result below. The soft anomalous dimensions is a matrix, but the matrix structure is µ-independent, so the overall matrix structure is constant at fixed kinematics. Thus it too can be integrated using the results of this appendix, by multiplying the r.h.s. of Eq. (A4) by the constant overall matrix and then taking a matrix exponential.
The anomalous dimension can be written as 
